The pressure dependence of seismic velocity and absorption coefficient of acoustic waves in rock is an extensively explored rock physical problem. New petrophysical models are developed based on simple physical assumptions, through which relationships between velocity and pressure as well as absorption coefficient and pressure are set up and explained. The models are based on the idea that microcracks are opened and closed under pressure. The models were applied on acoustic velocity measurement data made on core samples and also seismic velocity and quality factor data set measured by Prasad (1997) . The material parameters of the models are determined by using linearized inversion method. Laboratory measurements proved properly the accuracy of the new models.
Introduction
Knowledge of pressure dependences of wave velocity and attenuation in reservoir rocks is an important prerequisite for relating laboratory measurements to in-situ rock properties, and for interpreting seismic measurements in terms of subsurface petrophysical parameters. It is extremely important to know these petrophysical parameters in pressurized, deep-seated and high-temperature hydrocarbon reservoirs because these parameters play an important part in the determination of exploitation process. Therefore, it is expedient to create a reliable reservoir geology model. The petrophysical parameters of the model are determined by means of laboratory measurements. The purposes of this study are to introduce new petrophysical models (Molnar and Dobroka 2010) which describe the pressure dependence of seismic velocity and absorption coefficient based on acoustic velocity and quality factor measurement data. Wave velocity and quality factor as a function of pressure for Berea sandstone were measured by M. Prasad (1997) and we made laboratory measurements on core samples originated from oil drilling wells. Studying this phenomenon is relevant because we can infer to the changes in rock pressure by right of seismic/acoustic measurements.
Measurement of the acoustic wave velocity and quality factor
Both Prasad (1997) and we used the pulse transmission technique for wave velocity measurements. The measurements necessitate the compilation of special measuring equipment. Knowing the sample length, the wave propagation time is necessary to be determined which can be measured by oscilloscope. Figure 1 shows the measurement layout.
Figure 1: Measurement layout
Rock samples subjected to uniaxial stress were analyzed with an electromechanical pressing device. The load was increased meanwhile the propagation time was measured at the adjoined pressure. We performed measurements on 27 different rock samples including two typical test results, which are presented in the paper. The measured data set of sample Berea sandstone was processed also in the paper. The quality factor was measured by the spectral ratio technique (Toksöz et al. 1979) with the assumption of a constant Q over the used frequency bandwidth. The signal from an aluminium cube of the same size was recorded at various pressure steps and used as a reference signal at that pressure. The ratio of the spectral amplitudes of the reference and the specimen gives a measure of the relative attenuation from which the dimensionless Q that is less dependent on frequency was calculated.
The pressure dependent velocity model
The velocity of elastic wave in rocks depends on many things, such as type of rock made up of minerals and cementing material (rock matrix), porosity of rock, pore-filling fluid as well as microcracking. General observation is that pore volume is reduced with increasing pressure, thus increasing velocity can be measured (Birch 1960) . Brace and Walsh (1964) explained the phenomenon of pressure dependence by closing of microcracks. Microcracks in sample raised of rock body (2000-3000m depth) open with ceased rock stress so probably less propagation velocity can be measured at atmospheric pressure in laboratory than at original state of rock, in situ. If rock samples are loaded, microcracks will be closed again which leads to velocity increase and this process continues apparently until all microcracks are closed. Accepting this qualitative idea we can create a new petrophysical model (Molnar and Dobroka 2010) based on the following formulation. If we create dσ stress increase in the rock, we will assume that dN (the change of the number of open microcracks) is directly proportional to the dσ stress increase. At the same time if there are more microcracks in the rock, then there will be more closing ones, too. We can describe the two assumptions with the following differential equation
(1) where λ is the proportionality factor (material quality dependent constant), N is the number of open microcracks and N 0 is the number of the open microcracks at stress-free state (σ = 0). The negative sign represents that at increasing stress with closing microcracks the number of the open microcracks decreases. Another assumption is the linear relationship between the dν propagation velocity change due to dσ pressure increment and dN the number of closing microcracks. Combining this assumption with Eq.(1) we obtain dN
where α is the proportionality factor (another material quality dependent constant). The negative sign represents that the velocity is increasing with decreasing number of cracks. After integrating Eq. (2) we have
(3) At stress-free state (σ=0) the propagation velocity can be measured. Its value is denoted by ν 0 and can be computed from Eq. 
where ν 0 is the velocity at which the elastic wave propagates in the stress-free rock and λ=1/σ*, where σ* is that stress value at which velocity (starting from v 0 ) approximates the ν max value with 1/e accuracy. Eq.(4) provides a theoretical connection between the propagation velocity and rock pressure. It means that velocity as a function of stress starts from ν 0 and increases up to the ν max =ν 0 +Δν value according to the function 1-e -λσ . Consequently the velocity reaches its ν max limit at high stress values. The Δν=ν max −ν 0 value is a velocity range in which the propagation velocity can vary from stress-free state up to the state characterized by high rock pressure. (Certainly it is only valid for the limiting case of the model, because in the range of high stresses new microcracks can arise in the rock.)
The pressure dependent absorption coefficient model
The previously presented model is connected with the pressure dependent absorption coefficient model through the number of microcracks. It is obvious that increase of dN (the change of the number of open microcracks) leads to an increase in the da absorption coefficient. Combining this premise with Eq.(1) we obtain dN
where β is the proportionality factor. Solving Eq. (5) ( )
where a 0 is the absorption coefficient at stress-free state( 0 = σ ) and λ is the common proportionality factor in the two model equations (Eq. (4) and Eq. (6)).
The determination of model parameters by inversion
The established petrophysical models create the possibility to calculate the propagation velocity and absorption coefficient at any pressure by means of Eq. (4) and Eq.(6) based on known parameters (ν 0 , a 0 , Δν, Δa, λ) of a rock. The petrophysical constants appearing in model equations can be determined by processing measurement data on the basis of joint inversion methods (Dobróka et al. 1991) . We used linearized geophysical inversion method (principle of the damped least squares method (Menke 1984) (4) and Eq.(6). Results are shown in Figure 2 . The continuous line shows the calculated while symbols represent the measured data. (Dobróka et al. 1991) [%] 100 1
is the measured velocity/absorption coefficient at the k-th pressure value and
is the k-th calculated velocity/absorption coefficient data, which can be computed according to Eq.(4)/Eq.(6). The value of data misfit was obtained 5,9% for Berea sandstone while it was obtained 0,6% for sample 1T2 and 0,5% for sample 3T3. Acoustic petrophysical characteristics (mostly the propagation velocity of elastic wave and its absorption coefficient) have straight connection to the porosity. The Wyllie formula (Wyllie et al. 1958) describes the connection between the porosity and the propagation velocity of elastic wave. Combining the Wyllie formula with our model, the expression gives the possibility to calculate the porosity at any pressure if the porosity was measured at atmospheric pressure.
Conclusions
We have presented new petrophysical models for describing the connection between the propagation velocity of acoustic wave and rock pressure as well as absorption coefficient and pressure. Within the confines of the model differential equations were set up describing the phenomenon by means of physical principles. Solving these equations easily interpretable formulas were derived. We processed our own measurement data set besides data set measured by Prasad (1997) . By means of inversionbased processing the model parameters were determined from measurement data. In a view of parameters, calculated data can be produced using the petrophysical models. The calculated data (using our developed model) matched accurately with measured data proving that the petrophysical models apply well in practice. It was also applied on further 25 sandstone samples (fine-, medium-, coarse-grained, pebbly, tuffy etc.) with success during the research. The described inverse problem is significantly overdetermined, because the number of measurement data is much more than the number of parameters to be determined. Therefore, the inversion procedure was stable and could be handled as a linear inverse problem. Inversion results confirmed the accuracy and feasibility of our petrophysical models.
